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Sonic hedgehog is a secreted factor regulating patterning of the anterior±posterior axis in the developing limb. The signaling
pathway mediating the transduction of the signal is still poorly understood. In Drosophila several genes are known to act
downstream of hedgehog, the ¯y homolog of Sonic hedgehog. An important gene epistatic to hedgehog is cubitus inter-
ruptus, which encodes the ¯y homolog of a family of vertebrate putative transcription factors, the GLI genes. We have
isolated two members of the GLI family from chick, called GLI and GLI3. Their expression patterns in a variety of tissues
during embryogenesis suggest that these genes may be targets of the Sonic hedgehog signal. We demonstrate that the two
GLI genes are differentially regulated by Sonic hedgehog during limb development. Sonic hedgehog up-regulates GLI
transcription, while down-regulating GLI3 expression in the mesenchymal cells of the developing limb bud. Finally, we
demonstrate that an activated form of GLI can induce expression of Patched, a known target of Sonic hedgehog, thus
implicating GLI as a key transcription factor in the vertebrate hedgehog signaling pathway. In conjunction with evidence
from a mouse Gli3 mutant, our data suggest that GLI and GLI3 may have taken two different functions of their Drosophila
homolog cubitus interruptus. q 1996 Academic Press, Inc.
INTRODUCTION rior margin of a limb bud, Sonic hedgehog induces a mirror
image duplication of the distal skeletal elements. The same
phenotype was previously obtained by grafting the posteriorSonic hedgehog is a secreted signal expressed by various
mesenchyme from an early limb bud to the anterior marginsignaling centers during early vertebrate development. For
of a host developing limb. The region at the posterior of theexample, Sonic hedgehog has been demonstrated to be the
limb bud capable of causing such duplications is called thesignal from the notochord initiating the ventral polarity of
zone of polarizing activity (ZPA) (Saunders and Gasseling,the developing neural tube (Echelard et al., 1993; Krauss et
1968). The expression of Sonic hedgehog during limb devel-al., 1993; Roelink et al., 1994). Secreted by notochord and,
opment correlates tightly with the cells that have this polar-subsequently, by the ¯oor plate, it induces ventral cell fates
izing activity (Honig and Summerbell, 1985; Riddle et al.,in the central nervous system (Hynes et al., 1995; MartõÂ et
1993). Both polarizing activity in the posterior mesenchymeal., 1995; Roelink et al., 1995; Wang et al., 1995) and also
and Sonic hedgehog expression are dependent upon the pres-sclerotomal cell fate in the adjacent ventral somites (Fan
ence of a second set of signals, produced by an ectodermaland Tessier-Lavigne, 1994; Johnson et al., 1994). Addition-
structure at the distal tip of the limb bud. This structure,ally Sonic hedgehog is expressed during limb development,
called apical ectodermal ridge (AER), expresses differentwhere it is involved in patterning the anterior±posterior
members of the ®broblast growth factor (FGF) family (Nis-axis of the developing limb (Riddle et al., 1993).
wander et al., 1993; Fallon et al., 1994; Laufer et al., 1994;The role of Sonic hedgehog in limb patterning has been
Niswander et al., 1994). Exogenously supplied FGFs canparticularly well studied. When misexpressed at the ante-
substitute for the AER in maintaining Sonic hedgehog ex-
pression in the mesoderm. In a positive feedback loop Sonic
hedgehog can also induce FGF-4 expression in the AER1 Current address: Department of Biochemistry and Molecular
(Laufer et al., 1994; Niswander et al., 1994).Biology, Box 36, M. D. Anderson Cancer Center, University of
Recent studies have demonstrated that the mesenchymeTexas, 1515 Holcombe Blvd., Houston, TX 77030.
is a direct target tissue of Sonic hedgehog activity. In the2 To whom correspondence should be addressed. Fax: 617-432-
7595. E-mail: Tabin@rascal.med.harvard.edu. absence of signals from the AER, Sonic hedgehog is directly
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able to control expression of Patched (PTC), a gene ex- bility that a competition among the GLI genes might play
an important role in regulating the expression of their tar-pressed in cells responding to Sonic hedgehog (Marigo et
al., 1996). PTC expression also suggests that the effects on gets.
In this study we report the cloning and expression pat-the AER mediated by Sonic hedgehog are probably indirect,
since in Drosophila low levels of Ptc are required for hedge- terns of two different ci homologs in chick: GLI and GLI3.
We demonstrate that their expression is differentially regu-hog signaling and PTC mRNA is never detectable in cells
of the AER (Marigo et al., 1996). In contrast, Sonic hedgehog lated by Sonic hedgehog in the developing limb. Finally, we
provide direct evidence that an activated form of GLI isfrom the mesoderm and FGF-4 from the ectoderm act coop-
eratively in the induction of other patterning genes such as capable of inducing expression of PTC, one of the Sonic
hedgehog targets.BMP-2 and members of the HOXD cluster (Laufer et al.,
1994).
To better understand the direct and indirect effects of
MATERIALS AND METHODSSonic hedgehog, it would be useful to know the components
of the hedgehog signal transduction machinery. However,
All molecular biology procedures were performed according tothis pathway is poorly understood. For example, the tran-
Ausubel et al. (1989). Enzymes and molecular biology reagents werescription factors activating Sonic hedgehog targets have not
supplied by Boehringer-Mannheim Biochemicals.been identi®ed. In Drosophila, genetic analysis has unveiled
genes that are directly downstream of hedgehog, the ¯y
homolog of Sonic hedgehog. One of these genes, cubitus Cloning of Chicken GLI and GLI3
interruptus (ci), is particularly intriguing because epistasis
A pair of degenerate oligonucleotides were designed to clone by
analysis places it downstream of all the other known mem- PCR transcription factors containing a zinc ®nger motif [Cys-Xaa4-
bers of the hedgehog pathway, suggesting that it may regu- Cys and H-C Link oligos (Pellegrino and Berg, 1991)]. Stage 22 chick
late the expression of the hedgehog targets (Forbes et al., limb bud RNA was used as a template for RT-PCR. Of the three
1993). Consistent with this idea, ci encodes a protein with ampli®ed bands subcloned and sequenced, one showed signi®cant
®ve zinc ®ngers (Orenic et al., 1990). Vertebrate homologs homology to human GLI3. This 300-bp fragment was used to screen
an unampli®ed stage 22 limb bud cDNA library and ®ve overlap-of ci are called GLI genes and have been identi®ed in hu-
ping cDNAs were isolated. We determined that all of these clonesmans (Kinzler et al., 1988) and mice (Hui et al., 1994). The
encoded chick GLI3 based on limited sequence analysis. One oforiginal GLI gene was cloned from a human glioblastoma
these cDNAs (FGD22), containing a 2.5-kb insert, was used for(Kinzler et al., 1987). Subsequently, two additional highly
subsequent expression studies. Clone FGD22 encodes a fragmentrelated mammalian genes were cloned by homology and
of chick GLI3 containing 232 amino acids upstream and 272 amino
called GLI2 and GLI3 (Ruppert et al., 1988; Hui et al., 1994). acids downstream of the zinc ®nger region. To obtain other GLI
Haploinsuf®ciency of GLI3 has been shown to result in the family members, a chick genomic library (Clontech) was screened
human ``Greig cephalopolysyndactyly syndrome'' (GCPS), with the same 300-bp GLI3 PCR fragment at reduced stringency
as well as in the mouse mutation ``extra toes'' (Xt), which and six phages were isolated. Cross-hybridization and restriction
are both characterized by preaxial polysyndactyly (Vort- analysis indicated that ®ve of these phages were overlapping and
corresponded to GLI3. The remaining phage, subcloned and par-kamp et al., 1991, 1992; Schimmang et al., 1992; Hui and
tially sequenced, displayed strong similarity to human GLI. NoJoyner, 1993). For Xt it has further been demonstrated that
homolog of GLI2 was obtained in this screen.Sonic hedgehog is ectopically activated in the anterior limb
A 3-kb BamHI portion of the GLI genomic phage was subclonedbud (Masuya et al., 1995), suggesting an interaction between
and used to screen at high stringency a lZAPII cDNA library fromGLI3 and Sonic hedgehog during early limb development.
a stage 30 chick limb. Following puri®cation and sequencing, four
The different functions of the three GLI genes have not positive plaques were identi®ed as partial cDNAs of the chicken
yet been explored. In some tissues their expression domains homolog of the GLI gene. Clone G4 was a 2-kb cDNA containing
are partially overlapping (Hui et al., 1994). It is unclear if 265 bp 5*-UTR and was used for all the following experiments.
the three genes mediate different effects and, if so, if these Clone G4 encodes a fragment of the GLI protein containing 245
effects are due to their differential expression patterns or amino acids upstream and 153 amino acids downstream of the zinc
®nger region.because they activate or repress different target genes. Sup-
Comparison of the sequences of the GLI and GLI3 clones inporting the idea that GLI genes are transcription factors,
regions outside of the zinc ®ngers to various zinc ®nger-containingGLI protein localizes to the nucleus in glioblastoma cells
proteins from the data base con®rmed that the two cDNAs clonedand has been shown to bind DNA in vitro (Kinzler and
from chicken are the homologs of human GLI (about 45% aminoVogelstein, 1990).
acid identity to human GLI) and GLI3 (about 50% amino acid iden-
Comparison between the human GLI and GLI3 protein tity to human GLI3). The GenBank accession number for the chick
sequences reveals multiple regions of similarity (Ruppert et GLI sequence is U60762, and the GenBank accession number for
al., 1990), the most highly conserved of which is the domain the chick GLI3 sequence is U60763.
containing the zinc ®ngers. In vitro, GLI and GLI3 zinc
®ngers can recognize the same DNA sequences (Ruppert et
GLI Retrovirus Constructsal., 1990); however, other domains of the proteins might
additionally be important for their speci®city. If they nor- Part of the chick GLI gene containing the zinc ®nger region
(amino acids 202±492) was ampli®ed by PCR, adding an ATG co-mally bind the same DNA binding sites, it raises the possi-
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don immediately upstream of amino acid 202. The PCR product Histological Staining
was cloned upstream of, and in frame with, the VP16 transcrip-
Following the whole-mount in situ hybridization procedure, thetional activator domain (Triezenberg et al., 1988) using an arti®cial
embryos were dehydrated in 30% sucrose/PBS, embedded intoBamHI site which adds three amino acids (serine, arginine, and
7.5% gelatin/PBS, and cryosectioned at 20 mm.serine) between the GLI zinc ®nger and the VP16 activator domain.
To visualize the infected cells, some of the sections from injectedThe GLI zinc ®nger construct (GLI-VP16) was subsequently cloned
animals were subsequently stained with a monoclonal antibodyinto the RCAS(A) retroviral vector (Hughes et al., 1987) via the
(3C2) recognizing the gag protein of the retrovirus (Potts et al.,Slax-13 shuttle vector (Riddle et al., 1993).
1987). After ®xing in 4% paraformaldehyde in PBS, the cryosectionsThe retroviral construct was transfected into chick embryonic
were blocked with 10% fetal calf serum in DMEM for 1 hr. Follow-®broblasts and the culture medium containing the retrovirus from
ing 1 hr incubation with the primary antibody, the sections werethe transfected cells was concentrated as described (Riddle et al.,
washed with 0.1% Tween 20 in PBS (PBT) and incubated with a1993). The titer of the retrovirus was approximately 108 cfu/ml.
biotinylated anti-mouse antibody (Vector Laboratories) for 1 hr.
After washing with PBT, the sections were bleached for 30 min
with 0.3% H2O2 in methanol. They were then incubated with
horseradish peroxidase-conjugated avidin (Vector Laboratories) forChick Embryos
1 hr. After washing with PBT the infected cells were detected using
horseradish peroxidase substrate DAB (Vector Laboratories). Sec-Pathogen-free White Leghorn chick embryos (SPAFAS) were in-
tions were coverslipped in Gelvatol.cubated at 377C in humidi®ed incubators. Embryos were staged
according to Hamburger and Hamilton (1951).
In Vitro Translation
The GLI zinc ®nger fusion to the VP16 activator domain con-Embryonic Retroviral Misexpression and Surgeries
struct in the Slax-13 vector was linearized with Asp718. One micro-
gram of linearized DNA was used for in vitro transcription andStage 20 ±22 right wing buds were injected at the anterior margin
translation using the TNT T3 coupled reticulocyte lysate systemjust beneath the AER with concentrated retrovirus expressing ei-
(Promega) in the presence of [35S]methionine (Amersham). Follow-ther Sonic hedgehog (RCAS-A2) (Riddle et al., 1993) or an Alkaline
ing separation in a 15% denaturing polyacrylamide gel, the proteinPhosphatase control [RCASBP/AP(A)] (Fekete and Cepko, 1993).
product was identi®ed by exposure of the gel to Kodak XAR-5 ®lm.Embryos were harvested 16 or 48 hr after infection, washed in PBS,
®xed in 4% paraformaldehyde in PBS, and processed by whole-
mount in situ hybridization.
For AER removal, the ectoderm of stage 20±22 right wings was RESULTS
stained with nile blue sulfate (0.01 mg/ml) in Ringer's solution. The
AER was then manually removed with electrolytically sharpened
Cloning and Expression of Chick GLI and GLI3tungsten wire needles. Sonic hedgehog RCAS-A2 retrovirus or the
Homologscontrol RCASBP/AP(A) retrovirus was subsequently injected into
the exposed mesoderm. Infected embryos were harvested 24 hr after
To study the potential embryonic roles of GLI genes ininjection, ®xed in 4% paraformaldehyde in PBS, and processed by
mediating Sonic hedgehog signaling, we isolated partialwhole-mount in situ hybridization.
cDNAs encoding chick homologs of GLI and GLI3. Degen-The retroviruses expressing the GLI zinc ®nger fusion to the
erate PCR primers were used to amplify fragments ofVP16 activator domain were injected into the mesoderm of the
right prospective hindlimb in stage 11±13 chick embryos. Embryos cDNAs containing Gli/Kruppel-type zinc ®nger motifs from
were harvested 48 hr after injection and processed by whole-mount stage 22 limb bud RNA. A product containing zinc ®ngers
in situ hybridization after ®xation. homologous to GLI3 was cloned and used as a probe to
screen chick limb bud cDNA libraries. Ultimately partial
cDNA clones were obtained which we identi®ed by se-
quence analysis as chick homologs of GLI and GLI3.In Situ Hybridization
Analysis of their sequences revealed that these proteins
are quite well conserved between birds and mammals.Whole-mount in situ hybridizations of chick embryos were car-
Chick and human GLI show overall 60% identity. Highestried out as described by Riddle et al. (1993). The chick GLI digoxi-
genin-labeled probe (G4) was prepared by T3 RNA polymerase tran- conservation was found in the DNA-binding domain, the
scription of the G4 clone following HindIII linearization. The chick ®ve zinc ®ngers (about 90% compared to mouse and human
GLI3 clone (FDG22) was linearized with BamHI and transcribed GLI and 81.5% compared to Drosophila ci). Complete con-
with T7 RNA polymerase. The chick PTC digoxigenin-labeled servation between the chick and human sequences was seen
probe was prepared as described (Marigo et al., 1996). The Sonic in the amino acids in ®ngers 4 and 5, that crystallographic
hedgehog probe was prepared as described (Riddle et al., 1993). analysis of the human GLI±DNA complex has shown to
Double whole-mount in situ hybridizations were performed as
be involved in direct interaction between the transcriptiondescribed (Johnson et al., 1994). GLI3 probe was labeled with digox-
factor and its target DNA (Pavletich and Pabo, 1993). Thisigenin-conjugated UTP and detected using nitroblue tetrazolium
suggests that the DNA binding speci®city might be con-(Sigma) and 5-bromo-4-chloro-3-indolyl-phosphate, while Sonic
served as well. The sequence analysis of GLI3 also revealedhedgehog probe was labeled with ¯uorescein-conjugated UTP and
stained with magenta phosphate (Biosynth). high identity of the predicted amino acid sequence in the
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FIG. 1. GLI expression during chick development. (A) Chick embryo at embryonic stage 15 was processed by whole-mount in situ hybridization
using a chick GLI probe. GLI is expressed in the central nervous system, somites. and retinal pigmented epithelium (arrowhead) (B) GLI expression
in the hindbrain. Arrowhead shows GLI expression at the rhombomere boundaries. (C) Cryosection at a caudal level of a stage 15 embryo processed
by whole-mount in situ hybridization. GLI mRNA is detectable in the neural tube, excluding the ¯oor plate and roof plate, and in the ventral±
medial part of the somites at the epithelial stage. (D) Cryosection of a stage 15 embryo (same as in C) at a level anterior to the forelimb. GLI is
expressed in the spinal cord along the dorsal±ventral axis except for the most ventral region. Expression is also detectable in the developing
somites, strongly in the sclerotome. es, epithelial somite; n, notochord; s, sclerotome.
FIG. 2. GLI3 expression during chick development. (A) Stage 15 chick embryo was processed by whole-mount in situ hybridization using
a chick GLI3 probe. (B) GLI3 expression in the hindbrain. (C) Cryosection at a caudal level of a stage 15 embryo following whole-mount
in situ hybridization procedure. GLI3 mRNA is expressed in the spinal cord and in the somites at the epithelial stage. (D) Cryosection
of a stage 15 embryo (same as in C) at a level anterior to the forelimb. GLI3 is expressed in the middle part of the neural tube. GLI3 is
also expressed in the myotome of the developing somites. es, epithelial somite; dm, dermomyotome; n, notochord.
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FIG. 3. GLI and GLI3 expression in the developing limb bud. Whole-mount in situ hybridization of chick limb buds at different stages
using chick GLI probe (A and C), chick Sonic hedgehog probe (B, D, G, and H), and chick GLI3 probe (E±H). (A and B) Stage 20 contralateral
hindlimbs: GLI mRNA is detectable in the posterior mesoderm with a domain broader than that of Sonic hedgehog. (C and D) Stage 24
contralateral hindlimbs: GLI is expressed in areas adjacent to Sonic hedgehog expression, but shows a lower expression level in the area
where Sonic hedgehog is expressed. (E) Stage 18 forelimb hybridized with a GLI3 probe: Expression is detectable throughout the entire
mesoderm of the limb. (F) GLI3 expression in stage 21 forelimb is down-regulated in the posterior mesenchyme. (G and H) Double whole-
mount in situ hybridization: GLI3 expression is shown in purple, Sonic hedgehog expression in pink (arrowhead). The GLI3 down-
regulation domain is broader than the Sonic hedgehog expression domain.
FIG. 4. Induction of GLI by Sonic hedgehog. (A) Stage 20 chick limb buds were injected with Sonic hedgehog expressing retrovirus at
the anterior margin underneath the AER and harvested 16 hr later. GLI expression is induced in the anterior mesoderm (arrowhead) of
the injected limb (11 embryos were analyzed and 100% showed induction of GLI). (B) Contralateral control limb. (C and D) The posterior
half of the AER of stage 22 chick right limb buds was removed and the exposed mesoderm was infected either with Sonic hedgehog
expressing retrovirus (C) or with a control retrovirus expressing Alkaline Phosphatase (D). Forty-eight hours after surgery embryos were
harvested and hybridized with the GLI probe. GLI expression is maintained by Sonic hedgehog in the absence of the AER (C, arrowhead)
(in 11 embryos analyzed, 100% showed maintenance of GLI). (E and F) The anterior half of the AER of stage 22 chick right limb buds
was removed and Sonic hedgehog expressing retrovirus (E) or a control retrovirus (F) was injected into the exposed anterior mesoderm.
Forty-eight hours later embryos were harvested and hybridized with the GLI probe. GLI mRNA is induced in the anterior mesoderm (E,
arrowhead) in the absence of the AER (11 embryos were analyzed and 100% showed induction of GLI).
zinc ®nger region (95.6% compared to human GLI3, 84% Localization of GLI and GLI3 mRNA during early chick
development was examined by whole-mount in situ hybrid-compared to Drosophila ci).
The Drosophila homolog of the GLI genes, ci, functions ization. In stage 15 embryos (Hamburger and Hamilton,
1951) GLI transcripts are detectable in the developing cen-in the hedgehog signaling pathway. To investigate whether
the vertebrate genes play a similar role, we examined the tral nervous system (Fig. 1A). Expression is seen along the
length of the neural tube, and, additionally, a strong signalexpression of GLI and GLI3 during early chick embryogene-
sis, at a time when Sonic hedgehog is known to pattern the is observed in several distinct regions: at the hindbrain level
lining the rhombomere boundaries (Fig. 1B) and in the pig-ventral neural tube and somites.
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mented epithelium of the developing eye (Fig. 1A, arrow- hybridizing contralateral limbs with probes speci®c for the
two genes. At early stages GLI mRNA has a domain ofhead). The somites also express the GLI gene.
expression which is broader than the ZPA stained by SonicTo be able to make a more accurate comparison between
hedgehog (Figs. 3A and 3B). At a more advanced stage GLIGLI and GLI3 expression and that of Sonic hedgehog the in
shows a lower expression level in the area where Sonicsitu patterns of the whole-mount specimens were examined
hedgehog is most strongly expressed (Figs. 3C and 3D).after sectioning. Sections of the stage 15 whole-mount spec-
In stage 18 chick limb bud GLI3 mRNA is evenly distrib-imens revealed that at this stage GLI is expressed along
uted along the anterior±posterior axis, showing a strongermost of the dorsal±ventral axis of the neural tube, excluding
expression in the more distal mesodermal cells (Fig. 3E). Bythe most ventral and most dorsal cells (Figs. 1C and 1D).
stage 21 GLI3 expression is down-regulated in cells at theAt earlier stages when Sonic hedgehog is known to induce
posterior mesoderm (Fig. 3F). GLI3 mRNA, like GLI, isthe ¯oor plate, GLI expression is limited to the ventral
never detectable in the AER (Fig. 3F). Since the domainneural tube, including the ¯oor plate region (data not
of down-regulation is posteriorly restricted, we wanted toshown). In sections through the caudal region of the em-
compare the expression domain of GLI3 with that of Sonicbryo, GLI expression is detected in the ventral and medial
hedgehog. Using a double whole-mount in situ hybridiza-epithelial somites, in cells fated to become sclerotome (Fig.
tion protocol we analyzed the expression patterns of the1C). When the somites delaminate, GLI is strongly ex-
two genes in the same limbs. The region where GLI3 ispressed in the sclerotome (Fig. 1D) and at lower levels in the
repressed is broader than and surrounds the Sonic hedgehogdermomyotome (Fig. 1D). Thus, GLI mRNA is expressed in
expression domain in stage 22 (Fig. 3G, arrowhead) and stagecells known to respond to Sonic hedgehog, such as the neu-
24 (Fig. 3H, arrowhead) chick limbs.ral tube and the sclerotome.
The expression pattern of GLI3 in stage 15 chick embryos
GLI and GLI3 Expression Patterns Are Modulatedis similar to, but distinguishable from, GLI expression. by Sonic hedgehog
GLI3 mRNA is detectable in the developing central nervous
The analysis of the GLI expression patterns at different de-system and the developing somites (Fig. 2A) but not in the
velopmental stages revealed that its expression domain ispigmented epithelium of the eyes nor rhombomere bound-
strongly related to Sonic hedgehog early in limb development.aries (Fig. 2B). Sections at a caudal level revealed GLI3 ex-
It is also comparable to the expression domain of PTC, a Sonicpression con®ned to the central region of the neural tube
hedgehog target gene (Marigo et al., 1996). These ®ndings sug-(Fig. 2C). In more rostral sections this expression pattern
gest that GLI gene expression might be regulated by Sonicappears to be restricted very medially along the dorsal±ven-
hedgehog. To address this issue we misexpressed Sonic hedge-tral axis of the neural tube (Fig. 2D). GLI3 is expressed in all
hog using the chick retroviral system (Fekete and Cepko,the cells of epithelial stage somites (Fig. 2C). After somite
1993). Stage 20 chick limbs were injected in the anterior meso-differentiation, GLI3 is restricted to the myotomal compo-
derm just underneath the AER with a retrovirus expressingnent (Fig. 2D). Thus, GLI3 is most strongly expressed in
chick Sonic hedgehog. Sixteen hours after injection, the in-the medial somite and neural tube, in domains adjacent to
fected embryos were harvested and processed by whole-mountregions responding to Sonic hedgehog. In general, the re-
in situ hybridization. We found that GLI mRNA can be in-
gions expressing GLI and GLI3 in the chick are similar to
duced in the anterior mesoderm of a developing limb in re-
those previously described in the mouse (Hui et al., 1994)
sponse to Sonic hedgehog (Fig. 4A, arrowhead, and compared
at this and other (data not shown) embryonic stages. to Fig. 4B). The induction of GLI is restricted to the mesoder-
mal cells and was never detected in the AER (Fig. 4A). Injec-
tion of a control retrovirus expressing Alkaline PhosphataseGLI and GLI3 Expression during Limb
does not affect GLI expression (data not shown).Development
GLI3, in contrast to GLI, is down-regulated in the poste-
The role of Sonic hedgehog has been particularly well rior mesoderm. To determine whether Sonic hedgehog
studied in the developing limb bud, making it a favorable might mediate the repression of GLI3 in these cells, we
system in which to examine the role of the GLI genes. GLI analyzed GLI3 expression at the anterior margin of limbs
and GLI3 expression has been noted in the mouse limb bud injected with the Sonic hedgehog expressing retrovirus.
(Schimmang et al., 1992; Hui and Joyner, 1993; Hui et al., GLI3 is indeed down-regulated in the mesodermal cells fol-
1994), but their patterns have not been analyzed in detail. lowing Sonic hedgehog misexpression (Fig. 5A, arrowhead,
The expression pattern of the GLI genes during chick limb compared to Fig. 5B). Staining sections of whole-mount hy-
development was investigated by whole-mount in situ hy- bridized limb buds with an antibody recognizing the gag
bridization. In stage 20 chick hindlimb buds GLI mRNA is protein of the retrovirus reveals that the domain of down-
restricted to the posterior mesoderm (Fig. 3A). At later regulation of GLI3 closely corresponds to cells ectopically
stages the GLI expression domain evolves into a distal do- expressing Sonic hedgehog (Fig. 5C, arrowhead).
main expanding along the anterior±posterior axis and a
GLI Induction by Sonic hedgehog Is Independentproximal domain which is more posteriorly restricted, as
of AER Signalscan be seen in a stage 24 hindlimb (Fig. 3C). GLI is never
detected in the AER (Fig. 3A). A comparison of the expres- Ectopic expression experiments showed that during chick
limb development GLI can be induced by Sonic hedgehog. Tosion patterns of GLI and Sonic hedgehog was obtained by
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test if Sonic hedgehog is also required for the maintenance of ®rmed that a protein of the expected size was produced
(data not shown). We injected the presumptive limb ®eldGLI expression in the posterior mesoderm, we took advantage
of a known feedback loop between the AER and Sonic hedge- in stage 10 chick embryos with the retrovirus engineered
to express GLI-VP16. The injected embryos were harvestedhog expression (Laufer et al., 1994; Niswander et al., 1994).
By extirpation of the posterior half of the AER we abolished 48 hr after infection and analyzed for PTC expression. We
found that PTC transcription is induced in the injected limbSonic hedgehog expression from the posterior mesoderm.
After removal of the AER, GLI expression in the limb meso- (Fig. 6A, arrowhead), demonstrating that GLI is capable of
regulating expression of PTC, one of the Sonic hedgehogderm rapidly fades (Fig. 4D), suggesting that continued expres-
sion of Sonic hedgehog may be necessary for GLI expression. targets. Interestingly, ectopic PTC induction is limited to
the dorsal ectodermal cells and the AER (compare the rightHowever, this experiment cannot rule out the possibility that
a factor from the AER is also required for GLI expression injected limb to the left contralateral limb in Fig. 6A). These
are tissues where PTC is normally not expressed (Marigo etin the mesoderm. Therefore, after extirpating the AER we
arti®cially maintained Sonic hedgehog expression in the al., 1996). In contrast, we never detected PTC induction
in the limb mesoderm after GLI-VP16 misexpression. Wemesoderm by infection with the Sonic hedgehog expressing
retrovirus. In the absence of the AER but in the presence of con®rmed by anti-gag antibody staining that the infection
was not restricted to just the ectodermal cells but that theSonic hedgehog, GLI mRNA is maintained in the mesodermal
cells of the developing limb (Fig. 4C, arrowhead). GLI mRNA mesoderm was also completely infected (Fig. 6B).
is not maintained after AER removal and infection with an
Alkaline Phosphatase expressing retrovirus (Fig. 4D). This re-
sult demonstrates that signals from the AER are not required DISCUSSION
for the maintenance of GLI expression in the limb mesoderm
and that the maintenance of GLI expression is dependent upon To better understand how the Sonic hedgehog signal is
received and interpreted by target cells, we studied GLI andSonic hedgehog.
Even though Sonic hedgehog is suf®cient for GLI mRNA GLI3, two vertebrate homologs of the Drosophila gene ci.
ci is believed to be a transcription factor which activatesmaintenance, it was nonetheless possible that the induction
of GLI by Sonic hedgehog requires the distal limb ectoderm. target genes in response to the inductive signal hedgehog.
We ®nd evidence that, like their Drosophila counterpart,Therefore, we analyzed GLI induction in response to ectopic
expression of Sonic hedgehog at the anterior margin of the GLI and GLI3 are in the hedgehog signaling pathway. How-
ever, their expression patterns and their differential regula-limb bud in the absence of the distal ectoderm. After remov-
ing the anterior half of the AER of a stage 22 limb bud we tion suggest that they play different roles during embryonic
development.injected the Sonic hedgehog expressing retrovirus in the
exposed mesoderm. Induction of GLI transcription can be
detected in mesodermal cells at the anterior margin of the Expression of GLI and GLI3developing limb in response to Sonic hedgehog even in the
absence of the AER (Fig. 4E, arrowhead), suggesting that The ®rst indication that GLI and GLI3 might play distinct
roles in Sonic hedgehog signaling comes from examinationGLI may be a direct target of Sonic hedgehog in the limb
mesoderm. The injection of a control retrovirus expressing of their expression patterns. GLI is expressed in tissues
known to actively respond to Sonic hedgehog. For example,Alkaline Phosphatase does not induce GLI mRNA in the
anterior mesoderm (Fig. 4F). at a stage when Sonic hedgehog has already patterned the
¯oor plate and is regulating the differentiation of the motor
neurons in the ventral neural tube (Roelink et al., 1994),
GLI Can Regulate PTC Expression we ®nd that GLI is expressed in a broad domain through
most of the dorso±ventral axis of the neural tube, excludedEpistatic studies in Drosophila suggest that ci, the GLI
homolog, is likely to regulate expression of hedgehog targets only from the ¯oor plate and notochord. A comparable ex-
pression pattern in the stage 15 neural tube has been ob-(Forbes et al., 1993). Since the vertebrate homologs have
been shown to bind DNA, GLI might be a direct regulator served for PTC, a known target of Sonic hedgehog signaling
(Marigo et al., 1996). This expression is likely to be inducedof Sonic hedgehog targets, one of which is PTC (Marigo
et al., 1996). To analyze the function of GLI in the Sonic by the diffusion of Sonic hedgehog protein through the lu-
men of the neural tube (Marigo et al., 1996), although it ishedgehog signaling pathway we misexpressed a form of GLI,
engineered to be a transcriptional activator, using the chick possible that GLI is expressed in a hedgehog-independent
manner in the dorsal neural tissue.retroviral system. Because of limits in the maximal insert
size which can function in the retroviral system, we could Another target of the Sonic hedgehog signal is the devel-
oping somites, where it induces sclerotomal cell fate innot use a full-length activated form of GLI. We therefore
constructed a fusion between the zinc ®nger region of GLI, ventral±medial cells (Fan and Tessier-Lavigne, 1994; John-
son et al., 1994). GLI mRNA is detectable in the ventral±the domain that has been shown to be capable of binding
DNA, and the VP16 transcription activator domain from medial portion of the epithelial somite and subsequently
in the sclerotome. Finally, Sonic hedgehog is expressed atherpes simplex virus (GLI-VP16). In vitro transcription and
translation using the GLI-VP16 construct as a template con- the posterior margin of the developing limb bud and appears
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FIG. 5. Repression of GLI3 by Sonic hedgehog. (A) Stage 22 chick limbs were injected with the Sonic hedgehog expressing retrovirus.
Forty-eight hours after injection embryos were harvested and processed by whole-mount in situ hybridization. GLI3 mRNA is down-
regulated in the anterior mesoderm (arrowhead). (B) Contralateral control limb. (C) Cryosection of the limb in (A) subsequently stained
with the 3C2 antibody to detect the retrovirus (arrowhead). Note the absence of GLI3 mRNA expression in the domain of Sonic hedgehog
misexpression (observed in 75% of injected embryos).
FIG. 6. Induction of PTC by activated GLI genes. (A) Whole-mount in situ hybridization with the PTC probe of hindlimbs injected at
stage 10 with a retrovirus expressing GLI-VP16. PTC mRNA is induced in the AER and dorsal ectoderm (arrowhead) (25 embryos were
analyzed and 75% showed induction of PTC). (B) Cryosection of the limb in (A) subsequently stained with an antibody recognizing
retrovirus gag protein. GLI-VP16 is misexpressed in the ectoderm and mesoderm (in brown). PTC is up-regulated just in the ectoderm
(purple, arrowhead).
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to directly pattern the posterior third of the limb bud based like GLI, PTC does not require additional signals from the
on the expression of the marker gene PTC (Marigo et al., AER to be induced by Sonic hedgehog (Marigo et al., 1996),
1996). GLI is expressed in the posterior third of the limb in suggesting that GLI might mediate PTC induction. To test
a very similar domain to that of PTC (Marigo et al., 1996). this, we infected limb buds with an activated form of GLI,
In contrast to GLI, GLI3 is more broadly expressed in consisting of the DNA-binding zinc ®nger domain fused to a
tissues capable of responding to Sonic hedgehog, but is spe- VP16 transcription activating domain. We observed that acti-
ci®cally down-regulated in cells that actually receive the vated GLI can induce PTC transcription. The activated con-
signal. GLI3 mRNA is initially broadly distributed in the struct used may not mimic the normal effect of GLI. None
neural tube, but, by the time motor neurons are being in- the less, since GLI-VP16 activates PTC, the GLI DNA-binding
duced ventrally, GLI3 expression has retracted to encom- domain is very likely to recognize the PTC promoter, implicat-
pass a dorsal±medial band above this domain. Similarly, ing GLI in directly regulating PTC. This is supported by evi-
GLI3 is expressed in all somitic cells at the epithelial stage; dence from Drosophila showing that ci can bind to the ¯y ptc
however, when the somites mature, GLI3 transcripts are promoter (Alexandre et al. 1996). Since PTC is transcription-
found just in the myotomal component. At early stages ally induced in response to Sonic hedgehog, GLI could func-
GLI3 is also expressed in all the mesodermal cells of the tion in either of two ways: The transcription factor GLI could
limb bud, but is subsequently repressed in the posterior be activated in response to Sonic hedgehog and direct the
mesenchyme expressing Sonic hedgehog. transcription of PTC or alternatively GLI could be a repressor
which prevents transcription of PTC until it is inactivated as
a result of Sonic hedgehog signaling. We consider the modelSonic hedgehog Differentially Regulates
of GLI as an activator to be more likely since GLI is itselfGLI and GLI3
transcriptionally up-regulated in response to Sonic hedgehog,
To test whether the GLI and GLI3 expression patterns which would be paradoxical if it would be functionally inacti-
are attributable to the action of Sonic hedgehog we focused vated by Sonic hedgehog. In either case, these data place GLI
on the developing limb bud. Interestingly, Sonic hedgehog genetically upstream of PTC in the Sonic hedgehog signaling
differentially regulates expression of the two genes. It can pathway. The Drosophila homolog ci also appears to function
induce and maintain GLI expression in the posterior meso- as a transcriptional activator upstream of ptc since in a ci
derm, while it down-regulates GLI3. mutant ptc is no longer induced by hedgehog. (If ci acted as
We examined whether other tissues contribute to the reg- a repressor, then the loss of ci would have resulted in ectopic
ulation of GLI genes in the limb bud. The regulation of GLI ptc expression.)
transcription by Sonic hedgehog seems to be quite direct
Intriguingly, following GLI-VP16 misexpression we de-
because the distal ectoderm is not required either for the
tected induction of PTC transcription just in the limb ecto-
maintenance or for the induction of GLI expression in the
derm and not in the mesoderm. Paradoxically, this effect ismesodermal cells. Thus, like PTC (Marigo et al., 1996), but
the opposite of that of Sonic hedgehog misexpression, whichunlike other Sonic hedgehog targets such as BMP2 and HOX
activates PTC only in the mesoderm (Marigo et al., 1996).genes (Laufer et al., 1994), GLI does not require FGFs pro-
The difference in the ectoderm could be explained by otherduced by the AER for its expression. We cannot exclude the
members of the signal transduction cascade being missingpossibility that other factors produced by the mesenchyme
in the AER (Marigo et al., 1996). GLI-VP16, as a downstreamsynergize with Sonic hedgehog in the regulation of the GLI
transcription factor, would bypass the need for intermediategenes or that GLI is induced by a secondary signal down-
steps in the pathway and induce this Sonic hedgehog target,stream of Sonic hedgehog.
PTC, in tissues where it cannot be induced by Sonic hedge-Based on their expression patterns, these genes are likely
hog itself. The inability of GLI-VP16 to induce PTC in theto be in¯uenced by Sonic hedgehog elsewhere in the devel-
mesoderm is more unexpected. It suggests that somethingoping embryo as well. For example, the GLI3 restriction to
else in the mesoderm interferes with target activation, per-the myotome could be due to active repression by Sonic
haps competition with endogenous GLI3, which is ex-hedgehog in the sclerotomal cells. However, it is also possi-
pressed throughout the anterior mesenchyme of the limbble that the somitic regulation of GLI3 by Sonic hedgehog
bud. The AER is the only tissue where neither GLI or GLI3requires factors from the dorsal neural tube, such as mem-
is ever expressed during limb development. PTC is thusbers of the WNT family. Recent studies have revealed that
induced by GLI-VP16 misexpression in the ectoderm wherethe expression of myotome-speci®c genes is regulated syn-
no competitive event can take place. If true, then higherergistically by signals from the ¯oor plate/notochord and
levels of GLI-VP16 expression might be necessary to over-the dorsal neural tube (MuÈnsterberg et al., 1995).
come any competition in the mesoderm. The possibility of
competition between GLI and GLI3 is supported by experi-
GLI Functions to Regulate Transcription of Sonic ments showing that human GLI and GLI3 share the same
hedgehog Targets DNA-binding site speci®cities (Ruppert et al., 1990). More-
over, we ®nd that the isolated GLI3 DNA-binding domainThe vertebrate PTC gene is a target of Sonic hedgehog sig-
fused to VP16, in a construct similar to GLI-VP16, is alsonaling (Goodrich et al., 1996; Marigo et al., 1996) and is ex-
pressed in a similar domain to GLI in the limb bud. Moreover, able to activate PTC transcription in the ectoderm (data not
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8393 / 6x16$$$$21 10-29-96 00:36:44 dbal AP: Dev Bio
282 Marigo et al.
shown), indicating that the GLI and GLI3 DNA binding REFERENCES
domains recognize the same regulatory elements.
These data, along with the fact that GLI3 expression is
Alexandre, C., Jacinto, A., and Ingham, P. W. (1996). Transcrip-
repressed in regions where Sonic hedgehog targets are acti- tional activation of hedgehog target genes in Drosophila is medi-
vated, are consistent with GLI3 normally acting as a tran- ated directly by the Cubitus interruptus protein, a member of
scriptional repressor. This hypothesis is supported by the the GLI family of zinc ®nger DNA-binding proteins. Genes Dev.
report that Gli3 negatively regulates Sonic hedgehog tran- 10, 2003±2013.
Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman,scription (Masuya et al., 1995). The mouse extra-toes mu-
J. G., Smith, J. A., and Struhl, K. (Eds.) (1989). ``Current Protocolstant (Xt), with a phenotype of preaxial and postaxial poly-
in Molecular Biology.'' Greene Publishing Associates and Wileydactyly, is a mutation in the Gli3 gene (Schimmang et al.,
Interscience, New York.1992; Vortkamp et al., 1992; Hui and Joyner, 1993). In these
DomõÂnguez, M., Brunner, M., Hafen, E., and Basler, K. (1996). Send-mutants ectopic Sonic hedgehog mRNA has been detected
ing and receiving the Hedgehog signal: Control by the Drosophilaat the anterior margin of the limb bud (Masuya et al., 1995).
Gli protein Cubitus interruptus. Science 272, 1621±1625.
Our data showing that Sonic hedgehog down-regulates GLI3 Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,
transcription suggest that a negative feedback loop is initi- McMahon, J. A., and McMahon, A. P. (1993). Sonic hedgehog, a
ated between GLI3 and Sonic hedgehog in the limb mesen- member of a family of putative signaling molecules, is implicated
chyme, although this may be quite indirect. in the regulation of CNS polarity. Cell 75, 1417±1430.
Fallon, J. F., Lopez, A., Ros, M. A., Savage, M. P., Olwin, B. B., and
Simandl, B. K. (1994). FGF-2: Apical ectodermal ridge growth sig-
nal for chick limb development. Science 264, 104 ±107.Differences between ci and the GLI Genes Fan, C.-M., and Tessier-Lavigne, M. (1994). Patterning of mamma-
lian somites by surface ectoderm and notochord: Evidence forThe demonstration that GLI is genetically downstream of
sclerotome induction by a hedgehog homolog. Cell 79, 1175±
Sonic hedgehog shows that the components of the hedgehog 1186.
signaling pathway have been conserved in evolution. How- Fekete, D. M., and Cepko, C. L. (1993). Replication-competent ret-
ever, in Drosophila, hedgehog regulates ci posttranscrip- roviral vectors encoding alkaline phosphatase reveal spatial re-
tionally, but not at the level of RNA synthesis (Motzny and striction of viral gene expression/transduction in the chick em-
Holmgren, 1995; Slusarski et al., 1995), while in vertebrates, bryo. Mol. Cell. Biol. 13, 2604±2613.
Forbes, A. J., Nakano, Y., Taylor, A. M., and Ingham, P. W. (1993).GLI genes are regulated by Sonic hedgehog at a transcrip-
Genetic analysis of hedgehog signalling in the Drosophila em-tional level. We cannot exclude the possibility that the ver-
bryo. Development Supplement, 115±124.tebrate GLI genes are regulated posttranscriptionally as
Goodrich, L. V., Johnson, R. L., Milenkovic, L., McMahon, J. A.,well. Another difference is that in Drosophila imaginal
and Scott, M. P. (1996). Conservation of the hedgehog/patcheddiscs ci appears to play two distinct functions: it mediates
signaling pathway from ¯ies to mice: Induction of a mousehedgehog signaling and it also represses hedgehog transcrip- patched gene by hedgehog. Genes Dev. 10, 301±312.
tion (Domõaanguez et al., 1996). The same transcription Hamburger, V., and Hamilton, H. L. (1951). A series of normal
factor can be utilized for both purposes because in Drosoph- stages in the development of the chick embryo. J. Morphol. 88,
ila the cells expressing hedgehog and the cells responsive 49±92.
to it are mutually exclusive populations. In the vertebrate Honig, L. S., and Summerbell, D. (1985). Maps of strength of posi-
tional signalling activity in the developing chick wing bud. J.limb, where the responsive cells overlap with the cells pro-
Embryol. Exp. Morphol. 87, 163±174.ducing Sonic hedgehog, the same factor cannot be used.
Hughes, S. H., Greenhouse, J. J., Petropoulos, C. J., and Sutrave, P.Interestingly, it appears that two different ci homologs have
(1987). Adaptor plasmids simplify the insertion of foreign DNAevolved to ®ll those two roles. We have shown that GLI
into helper-independent retroviral vectors. J. Virol. 61, 3004±can activate Sonic hedgehog targets, implicating it in medi-
3012.ating the hedgehog signal, and the analysis of the Gli3 mu-
Hui, C., and Joyner, A. L. (1993). A mouse model of Greig cephalo-
tant Xt by Masuya et al. (1995) shows that one of its roles polysyndactyly syndrome: The extra-toesJ mutation contains an
might be the repression of inappropriate Sonic hedgehog intragenic deletion of the Gli3 gene. Nature Genet. 3, 241±246.
expression. Hui, C., Slusarski, D., Platt, K. A., Holmgren, R., and Joyner, A. L.
(1994). Expression of three mouse homologs of the Drosophila
segment polarity gene cubitus interruptus, Gli, Gli-2, and Gli-3,
in ectoderm- and mesoderm-derived tissues suggests multiple
roles during postimplantation development. Dev. Biol. 162, 402±ACKNOWLEDGMENTS
413.
Hynes, M., Porter, J. A., Chiang, C., Chang, D., Tessier-Lavigne,
M., Beachy, P. A., and Rosenthal, A. (1995). Induction of midbrainWe thank Olivia E. Orozco and John Lin for help in sequencing,
Phil Ingham for VP16 activator domain and sharing information dopaminergic neurons by Sonic hedgehog. Neuron 15, 35±44.
Johnson, R. L., Laufer, E., Riddle, R. D., and Tabin, C. (1994). Ec-prior to publication, and Matt Scott for fruitful discussion of the
data. We are grateful to members of the Tabin and Cepko lab for topic expression of Sonic hedgehog alters dorsal±ventral pat-
terning of somites. Cell 79, 1165±1173.helpful comments on the manuscript. This work was supported by
grants from the Human Frontier Science Program and the National Kinzler, K. W., Bigner, S. H., Bigner, D. D., Trent, J. M., Law, M. L.,
O'Brien, S. J., Wong, A., J., and Vogelstein, B. (1987). Identi®ca-Institutes of Health.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8393 / 6x16$$$$21 10-29-96 00:36:44 dbal AP: Dev Bio
283Sonic hedgehog Regulates GLI and GLI3
tion of an ampli®ed, highly expressed gene in a human glioma. Potts, W. M., Olsen, M., Boettiger, D., and Vogt, V. M. (1987). Epi-
tope mapping of monoclonal antibodies to gag protein p19 ofScience 236, 70±73.
avian sarcoma and leukaemia viruses. J. Gen. Virol. 68, 3177±Kinzler, K. W., Ruppert, J. M., Bigner, S. H., and Vogelstein, B.
3182.(1988). The GLI gene is a member of the Kruppel family of zinc
Riddle, R. D., Johnson, R. L., Laufer, E., and Tabin, C. (1993). Sonic®nger proteins. Nature 332, 371±374.
hedgehog mediates the polarizing activity of the ZPA. Cell 75,Kinzler, K. W., and Vogelstein, B. (1990). The GLI gene encodes a
1401±1416.nuclear protein which binds speci®c sequences in the human
Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S.,genome. Mol. Cell. Biol. 10, 634±642.
Ruiz i Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell,Krauss, S., Concordet, J.-P., and Ingham, P. W. (1993). A function-
T. M., and Dodd, J. (1994). Floor plate and motor neuron induc-ally conserved homolog of the Drosophila segment polarity gene
tion by vhh-1, a vertebrate homolog of hedgehog expressed byhh is expressed in tissues with polarizing activity in zebra®sh
the notochord. Cell 76, 761±775.embryo. Cell 75, 1431±1444.
Roelink, H., Porter, J. A., Chiang, C., Tanabe, Y., Chang, D. T.,Laufer, E., Nelson, C. E., Johnson, R. L., Morgan, B. A., and Tabin,
Beachy, P. A., and Jessell, T. M. (1995). Floor plate and motorC. (1994). Sonic hedgehog and Fgf-4 act through a signaling cas-
neuron induction by different concentrations of the amino-termi-cade and feedback loop to integrate growth and patterning of the
nal cleavage product of Sonic hedgehog autoproteolysis. Cell 81,developing limb bud. Cell 79, 993 ±1003.
445±455.Marigo, V., Scott, M. P., Johnson, R. L., Goodrich, L. V., and Tabin,
Ruppert, J. M., Kinzler, K. W., Wong, A. J., Bigner, S. H., Kao, F.,C. J. (1996). Conservation in hedgehog signaling: Induction of a
Law, M. L., Seuanez, H. N., O'Brien, S. J., and Vogelstein, B.chicken patched homolog by Sonic hedgehog in the developing
(1988). The GLI-Kruppel family of human genes. Mol. Cell. Biol.limb. Development 122, 1225±1233.
8, 3104±3113.Marigo, V., and Tabin, C. (1996). Regulation of Patched by Sonic
Ruppert, J. M., Vogelstein, B., Arheden, K., and Kinzler, K. W.hedgehog in the developing neural tube. Proc. Natl. Acad. Sci.
(1990). GLI3 encodes a 190-Kilodalton protein with multiple re-USA 93, 9346±9351.
gions of GLI similarity. Mol. Cell. Biol. 10, 5408±5415.MartõÂ, E., Bumcrot, D. A., Takada, R., and McMahon, A. P. (1995).
Saunders, J. W., and Gasseling, M. T. (1968). Ectodermal±mesoder-Requirement of 19K form of Sonic hedgehog for induction of
mal interactions in the origin of limb symmetry. In ``Epithelial±distinct ventral cell types in CNS explants. Nature 375, 322±
Mesenchymal Interactions'' (R. Fleischmajer and R. E. Bill-325.
ingham, Eds.), pp. 78±97. Williams and Wilkins, Baltimore.Masuya, H., Sagai, T., Wakana, S., Moriwaki, K., and Shiroishi, T.
Schimmang, T., Lemaistre, M., Vortkamp, A., and RuÈ ther, U.(1995). A duplicated zone of polarizing activity in polydactylous
(1992). Expression of the zinc ®nger gene Gli3 is affected in themouse mutants. Genes Dev. 9, 1645±1653.
morphogenetic mouse mutant extra-toes (Xt). Development 116,Motzny, C. K., and Holmgren, R. (1995). The Drosophila cubitus
799±804.interruptus protein and its role in the wingless and hedgehog
Slusarski, D. C., Motzny, C. K., and Holmgren, R. (1995). Muta-signal transduction pathways. Mech. Dev. 52, 137±150.
tions that alter the timing and pattern of cubitus interruptusMuÈnsterberg, A. E., Kitajewski, J., Bumcrot, D. A., McMahon, A. P.,
gene expression in Drosophila melanogaster. Genetics 139, 229±and Lassar, A. B. (1995). Combinatorial signaling by Sonic hedge-
240.hog and Wnt family members induces myogenic bHLH gene ex-
Triezenberg, S. J., Kingsbury, R. C., and McKnight, S. L. (1988).pression in the somite. Genes Dev. 9, 2911±2922.
Functional dissection of VP16, the trans-activator of herpes sim-Niswander, L., Jeffrey, S., Martin, G. R., and Tickle, C. (1994). A
plex virus immediate early gene expression. Genes Dev. 2, 718±positive feedback loop coordinates growth and patterning in the
729.vertebrate limb. Nature 371, 609±612.
Vortkamp, A., Gessler, M., and Grzeschik, K.-H. (1991). GLI3 zinc-Niswander, L., Tickle, C., Vogel, A., Booth, I., and Martin, G. R.
®nger gene interrupted by translocations in Greig syndrome fam-(1993). FGF-4 replaces the apical ectodermal ridge and directs
ilies. Nature 352, 539 ±540.outgrowth and patterning of the limb. Cell 75, 579±587.
Vortkamp, A., Franz, T., Gessler, M., and Grzeschik, K.-H. (1992).Orenic, T. V., Slusarski, D. C., Kroll, K. L., and Holmgren, R. A.
Deletion of GLI3 supports the homology of the human Greig(1990). Cloning and characterization of the segment polarity gene
cephalopolysyndactyly syndrome (GCPS) and the mouse mutantcubitus interruptus Dominant of Drosophila. Genes Dev. 4,
extra toes (Xt). Mamm. Genome 3, 461±463.1053±1067.
Wang, M. Z., Jin, P., Bumcrot, D. A., Marigo, V., McMahon, A. P.,Pavletich, N. P., and Pabo, C. O. (1993). Crystal structure of a ®ve-
Wang, E. A., Woolf, T., and Pang, K. (1995). Induction of dopami-®nger GLI-DNA complex: New prospectives on zinc ®ngers. Sci-
nergic neuron phenotype in the midbrain by Sonic hedgehog pro-ence 261, 1701±1707.
tein. Nature Med. 1, 1184±1188.Pellegrino, G. R., and Berg, J. M. (1991). Identi®cation and charac-
terization of ``zinc-®nger'' domains by the polymerase chain reac- Received for publication September 4, 1996
Accepted September 6, 1996tion. Proc. Natl. Acad. Sci. USA 88, 671±675.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8393 / 6x16$$$$21 10-29-96 00:36:44 dbal AP: Dev Bio
